Low Reynolds number (Re ~ 0.001) flow and mixing in a Y-shaped micromixer with a four-paddle rotor placed in its junction were investigated using computational fluid dynamics (CFD). The rotation speed of the rotor ω ranges from 100 to 2000 RPM (revolutions per minute). The flow visualization shows the enhance mixing by the rotating paddle that are stretching the fluid particles, up and down flows in the junction, transverse velocity in a section of the mixing channel.
Introduction
In recent years, microscale integrated devices called lab-on-a-chip devices, which comprise many components on small devices, are of interest for Bio/Chemical technologies such as microreactors, energy systems, etc because of their compact size, parallelism of analysis, decreasing sample volume, and power consumption. In devices comprising microfluidic systems, mixing is often crucial for the effective functioning of the system (1) .
In microscales, the flows in microchannels are characterized by a low Reynolds number (Re velocities, and the transfer process between the device surface and the bulk flow should be efficient. These are dependent on the generation of chaotic motion, reorientation, and stirring to produce effective stretching, folding fluid elements.
The simplest concept for efficient mixing is to reduce mixing path by realizing lamination with multiple streams. Bessoth et al. (2) studied a parallel lamination mixer with 32 streams that can enhance significantly mixing performance. Similar to parallel lamination mixer, serial lamination micromixers also enhance mixing process through splitting and later joining the streams. The inlet streams are first joined horizontally and then in the next stage vertically (3) . Other concept similar to the parallel lamination mixer is injection mixer. Instead of using multiple inlet streams, this type of mixer only splits the solute into many streams and injects them into the solvent flow (4) .
Besides reducing mixing path, numerous studies have revealed the structure of a chaotic flow. The mixing in diagonal and staggered herringbone channel flows have been experimentally and numerically investigated (5) (6) . The results show that the diagonal mixer produces the single helical motion, whereas the herringbone mixer generated a couple of helical flows and chaotic motions. Wang et al. (7) further discuss numerous control parameters by arranging the obstacles according to a variation of aspect ratio, number of obstacles, orientation of obstacles, and flow rate. Another device expected to generate chaos is a C-shaped serpentine channel inspired by the design of Liu et al. (8) . For a low flow rate (Re ~ 1), the mixing efficiency decreases with increasing Reynolds number and is inefficient. However, for Re ~ O(10), the mixing is good because the high flow rate creates chaos or produces a transverse convection effect on the diffusion. As the geometry is fixed in the passive mixers, mixing efficiency depends only on flow rate. We cannot control flow rate with a constant desired mixing efficiency. This limits application of passive mixers for multi-test devices. Laminar chaos has also been exploited in designs that utilize a force acting in the direction of the flow. The flow is oscillated in the streamwise direction (9) or the transverse (10) direction by an external oscillating pressure. Depending on the amplitude and frequency of the source, chaotic-like and wavy regimes are obtained. However, while the average Lagrangian velocity profile is flattened over the steady flow, Taylor dispersion effects are still present. The other factors that oscillate flow in a channel are the application of acoustic waves on a piezoelectric surface (11) , electrokinetic instabilities (12) , and magnetohydrodynamic effects (13) .
Several researches reported a great enhancement in the mixing in a mixer based on stirring fluids by a moving obstacle. Lu et al. (14) reported a device comprising a 3 × 3 array of magnetic microstirrers actuated by an external rotating magnetic field. The quality of mixing improved significantly as compared with the case without a rotor. Ogami et al. (15) studied a Y-shaped micromixer with a rotor at the junction; this was inspired by Ukita et al. (16) , whose experimental observations showed that a rotating optical rotor operated by a laser beam can promote mixing. The rotation speed of the rotor that affects the mixing process can be approximately scaled to an interdiffusion coefficient by using a constant. For a device n-fold in size, the convection mixing effect by the rotor scales as n 3 . However, the mixing efficiency was considered at the outlet of the mixer. Thus, the mixing process inside the mixer has not been investigated. This study examines the effect of the rotor on the flow and the mixing in the micromixer of Ogami et al. (15) under a constant flow rate by using CFD. The effect of the rotor on the flow is observed by the spread of the magnitude of the transverse velocity into the mixing channel. The mixing potential of the mixer at each rotation speed is evaluated by computing the strain rate of the flow. The dispersive mixing efficiency criterion, which is related to the extentional and rotational effects, is adopted in order to verify the mixer. In order to quantify the mixing rate, a statistical analysis-the standard deviation coefficient of the concentration distribution on a plane-is employed.
Micromixer
The mixer considered (comprising a Y-shaped micro-channel and a rotor suspended in the junction) and its dimensions are shown in Fig. 1 . Two liquid reagents are introduced into the mixer through two inlet channels, which are inclined at an angle of 120 degree to the mixing channel. This type of structure can be easy fabricated by using a layer-by-layer lithography-based technique. The diameter and height of the four-paddle rotor are 20 µm and 12 µm, respectively. The width of each paddle is 4 µm. The rotor is remotely trapped and rotated by a laser beam; this was simulated by Ogami et al. (15) and experimented by Ukita et al. (16) The laser beam enters the rotor through an objective lens. Because the rotor has no bilateral symmetry in the horizontal cross section, the change in momentum due to the refraction and reflection produces a force on the vertical surfaces of the rotor, followed by a torque on the rotor.
Governing equations and mixing verification

Governing equations
Hawkins and Wilkes (17) considered conservation equations of mass, momentum, and passive scalars c in a sliding grid system. These equations are nondimensionalized by mean velocity U and the channel width L x and are expressed as: 
Mixing verification
Mixing involves the stretching and folding of the fluid elements. This stretching is quantified by the generation rate of the length or area of the fluid elements; this rate is called the stretching rate. The magnitude of the strain rate of the flow is the upper bound of the stretching rate (18) . This upper bound provides a natural method of quantifying the stretching efficiency. The area which has a high magnitude of strain rate has a great potential for mixing, whereas a strain rate zone with a low magnitude corresponds to a poor mixing region. The magnitude of the strain rate is expressed as
is the tensor notion of strain rate tensor
In order to exhibit the extension of the flow which relates to breakup cohesive substance, the dispersive mixing efficiency coefficient λ (16) is defined as
where ε is the norm of the vorticity tensor ( )
. It measures the relative importance of the extensional effects on the rotational effects in a flow. The extensional efficiency is 0 for pure rotation, 0.5 for pure simple shear flows, and 1.0 for pure extension.
In the mixing process, a large value of λ is desired because a high extension leads to better dispersion. The physical implication of this indicator is that the laminar flows-elongational flows-are generally more effective than simple shear flows for breaking up and dispersing a minor phase into a major phase. The dispersive mixing efficiency provides a global perspective on mixing efficiency under various working conditions or types of equipments. In order to quantify the mixing of the mixer more effectively, the distributive mixing efficiency of the mixer can be evaluated based on the normalized concentration distribution c on a cross section as follows
where C is the mean normalized concentration when the mixing is perfect (e.g., 0.5 C = for mixing of two fluids). The last term on the right hand side of Eq. 5 is the standard deviation coefficient of the concentration distribution σ termed "intensity of segregation" by Danckwerts et al. (20) It is also a parameter for quantify mixing. In the absence of mixing, M becomes 0 and reaches 1 when the mixing is complete.
Numerical method
Because of the symmetry characteristic of the flow, only one half of the mixer was simulated. The Navier-Stokes and the species transport equations are solved using CFX (AEA Technology Engineering Software, Version 4), which uses a finite element control volume to construct discrete equations. The spatial derivatives are approximated by a modification of the central difference in the second order of accuracy. The discretization equations are advanced in time by a second-order time stepping method. The velocity-pressure coupling algorithm is a SIMPLE scheme. The general version of the algebraic multigrid method (General AMG) is used to solve the Poisson equation.
The flow exhibits a very low Reynolds number; hence, grid spacing is not absolutely
essential. The maximum grid cell is around 1 µm. The mesh comprises hexahedral elements in a clustered grid where a high gradient exists, namely, near the walls and near the rotor as shown in Fig. 1(b) . The total number of the grids is around 30,000. The computational mesh grid containing the rotor rotates with the same angular velocity as that of the rotor. At the interface between the rotational and non-rotational grids, the conservation of total mass flux, variable values, and gradients of some terms in the transport equations are enforced. The range of the time step varies between 0.004 s and 0.01 s depending on the stability condition according to the grid width, rotation speed and inlet velocity. It is assumed that convergence has been achieved when the order of the relative residual for mass balance fell below 10 -6 at each time step.
To address the mesh dependence problem, an additional double-finer mesh grid system with the maximum grid spacing of 0.5 µm was built. The pressure drop, magnitude of transverse velocity, and mixing efficiencies were computed on the coarser (grid spacing 1 µm) and on the finer (grid spacing 0.5 µm) meshes for several operating conditions. The differences of these parameters between the two meshes were observed within 5%. Thus, the mesh with grid cell around 1 µm is thought to be sufficient to produce accurately the flow and concentration fields. The simulations were performed on RedHat 7.3 OS with a Pentium III and a 2 GB memory.
Results and discussions
In order to frame the discussion, a Cartesian coordinate xyz is originated at the center of the rotor. The flow streams of velocity v with a mean value U with respect to the y-direction along the mixing channel have cross sectional area A. The two reagents are introduced into the mixing channel on either side along the x-direction; the width of the mixing channel L x is considered as the characteristic length. The velocity components in the (xz)-plane are denoted as u and w corresponding to the x and z directions, respectively. The rotor rotates at an angular velocity of ω. leakage of a reagent into the other relies only on the diffusion development. Hence, the quality of the resultant mixing is poor. This can be observed by the cluster of contour lines shown in Fig. 2(a) . For example, the contour lines with values of 0.4 and 0.6 are close to the line having a desired value of 0.5, which is located at the center of the mixing channel. It can be also quantified by the small mixing length l mix at the exit of the mixer y = 50 µm,
With the rotor, the fluids are stretched and forcibly transported to the other side wall of the channel before producing the main convection flow in the mixing channel. It can be readily observed that the gaps between the contour lines in the mixing channel widen, thereby revealing a more effective mixing. At 100 RPM, the convection flux generated by the rotor cannot completely prevent the direct spread of the flow from the right hand inlet to the mixing channel. This results in the broadening of some contour lines from the right hand inlet channel into the mixing channel as shown in Fig.  2(b) . The reagent from the left hand inlet was stretched by a distance just larger than half the width of the mixing channel. The distance between the contour lines of levels 0.4 and 0.6 is slightly larger than that observed in the absence of the rotor. The situation improves significantly with an increase in ω; this can be observed at 800 RPM. No contour line beginning from the right hand inlet can merge into the mixing channel. Another effective mixing effect shown in Fig. 2(d) is that the contour line of 0.4 covers the entire entrance of the mixing channel. In addition, the line of level 0.6 moves to the left to a greater extent than that observed in the 100 RPM case. This signifies a more homogeneous concentration distribution. This also postulates that the reagents have been well mixed at the entrance of the mixing channel. Another observed enhancive mixing process by the rotor is shown in Fig. 3 . The plot presents the vertical velocity on the horizontal plane located at z = 1 µm. The major portion of the fluid experience zero vertical velocity. In near paddles, up and down flows exist. This implies that the transfer process between the wall and the core flow in the junction is effective. The magnitude of the upward and downward flows is comparable with the main flow and it increases with the rotation speed. For example, / w U varies from 0.2 to 2 for the calculated rotation speed range.
From a certain value of ω (greater than 800 rpm), a circulatory bubble was created, as shown in Fig. 4-a not plotted here. Therefore, the bubble is assumed to be created by a vertical straight vortex line called the bubble-vortex line. In a similar manner, the rotating rotor acts as a vertical straight vortex line called the rotor-vortex line. Consequently, the flow in the mixer can be assumed as comprising two opposite vortex lines thereby resulting in a simple shear flow. Therefore, the fluid particles are additionally stretched by the bubble-vortex line due to the stretching process of the rotor-vortex line. The periodically changing size of the bubble can reorient the fluid elements when they enter into the mixing channel. For consistent discussion about the appearance of the bubble, the simulations with various inlet velocities and rotation speeds (ω/U=20, 30, 40, 100 rpms/µm, corresponding to each pair of U and ω: 20 µm/s, 400 rpm; 30 µm/s, 900 rpm; 50 µm/s, 2000 rpm; 10 µm/s, 1000 rpm) were performed. It was found that the bubbles appear when the ratio ω/U is larger than 40 rpms/µm, and that they possess the same characteristics just mentioned above for the same ω/U.
According to the Taylor dispersion theory, in a simple shear flow, the convection diffusion exceeds molecular diffusion by a factor of Pe 2 . In the mixing, a lateral convection and not a streamwise convection are desired. Thus, the transverse velocity generated in a mixer can be expected to function as a measure for enhancing mixing in the mixture. In the depth analysis, the local Peclet number 
Pe
against ω needs to be determined. As shown in Fig. 5(a) , the position where max L Pe occurs is not dependent on the rotation speed and is located at 0.775R. We can deduce that the dependence of Pe Lmax on rotation speed is linear because the disturbance in the proximity of the rotor is significantly contributed by the paddle velocity, and Pe L is proportional to this velocity. This evidence is verified by the open star dashed-line in Fig.   5 (b). It should be noted that this line is plotted in Fig. 5(b) following the upper and the right axis.
If there is no rotor, the flow in the mixer is a simple shear flow except at the near corner. Therefore, the strain rate is of the order However, this expansion is limited in the region defined by twice the rotor diameter. In the major part of the mixing channel, the strain rate is comparable with / H U L . These findings imply that the potential mixing is only improved in the near rotor region. Figure 7 shows a flood-contour plot of λ on the same plane as in Fig. 6 . For the entire range of calculated rotation speed, a small λ (<0.5) region is observed near the paddle tip when it points to the mixing channel. The dispersive mixing efficiency in this region decreases with an increase in rotation speed. Further, the area where λ > 0.5 is also successively created along the downstream direction. It appears that high and low λ regions exist in pairs. At high rotation speed, an area where λ > 0.5 is created in mixing channel. More precisely, the plot of λ where the overbar and bracket denote the area-weighted average and the time average on a cross section of the mixing channel against the downstream distance is shown in Fig. 8 . From the center to twice the radius of the rotor, the profiles are almost identical. The peaks reach 0.625 and occur at y/R = 1. In the mixing channel, at 100 RPM or 200 RPM, the major portion of the profiles are flat at a value of the simple shear flow (i.e. 0.5) except near y/R = 2, where the profiles curve down fairly. When the rotation speed exceeds 500 RPM, the profiles reach another peak at around y/R = 3. An interesting finding deduced here is that the dispersion in the region far from the rotor can also be improved by increasing rotation speed. This is in contrast to the potential mixing (local Peclet number and magnitude of the strain rate) discussed above, and to the distributive mixing efficiency discussed later. A quantitative analysis shows that the probability density functions of λ (f(λ)) in the mixer are broad and asymmetrical as shown in Fig. 9 . Based on this consideration, the effects of strain rate and vorticity in the inlet channels, where mixing has not occurred, are taken account. However, the flows in the inlet channels are simple shear flows, except near the junction region in which mixing has carried out. Therefore, λ in the inlet channels, where mixing did not occur approaches 0.5. However, it does not play any role in causing the dissymmetry and broadening of the PDF of λ. Because of this, the characteristics of f(λ)
are considered as a criterion for determining the mixing quality in the junction and in the mixing channel. The plots in Fig. 9 (ω = 100, 800, and 2000 RPM) show that the peaks of the probability function shift to the right and decrease with an increase in rotation speed. When the rotation speed is high (say greater than 800 RPM), the peaks occur at the same position (λ ~ 0.52). However, the right and left tails still are right shifted. A physical interpretation is that the extensional effect, which is desired in the mixing process, is more effective than the rotational effect. These observations indicate that increasing rotation speed improves the dispersion mixing potential of the mixer. More precisely, the mean values of λ,
shown in Table 1 increase with the rotation speed. Based on these obtained results, it is then expected that the efficiency of dispersive mixing increases with increasing rotation speeds.
It can be supposed that the two reagents begin mixing from the cross section through the center of the rotor. The fluid traveling from the inlets to this plane takes a time of at different rotation speeds. It is evident from the figure that it takes around 11 seconds to reach the steady state. After subtracting the resident time of the fluid in the inlet channels inlet t , the time required for the mixing to reach the steady state is roughly estimated by four times of mix t . The distributive mixing at the steady state also increases with the rotation speed. Thus, the effective mixing by the rotor is clearly observed. 
in which ω is measured in RPMs. It is obvious that α does not depend on the rotation speed; this can be observed from the fact that the approached lines are parallel. It should be noted that in Fig.   8 , the ordinate is in the logarithmic scale. Further, α equals to the value corresponding to the case without the rotor (i.e., 0.0688). The physical meaning is that the distributive mixing process in the region distant from the rotor behaves as the sole diffusion process (without the rotor). Therefore, the rotor effect on the mixing course is assumed to reduce the required length of the mixing channel by R α β / as compared to the case without the rotor for the same mixing quality.
With regard to Fig. 4 , the circulatory flow formed is assumed to be consistent with the significant deviation between symbolized line and dash-line in the beginning of the mixing channel as shown in Fig. 11 . When the rotation speed of the rotor is less than 800 RPM, the mixing process in the mixing channel behaves approximately similar to the diffusion process using the interdiffusion coefficient of the reagents. The physical meaning of this is that if the transverse velocity in the mixing channel is not oriented, it does not significantly contribute to the enhancement of mixing.
Conclusions
The effects of a rotating rotor on the flow pattern and the mixing performance of a Y-shaped micro-mixer, where the rotor is placed at the junction, have been investigated.
The rotating paddle produces a great potential mixing in the mixer that it stretches the fluid around the rotor, creates an up and down flow between the rotor and the opposite walls, and generates transverse velocity in the mixing channel. The stretching, up and down flow produce a considerable mixed concentration at the entrance of the mixing channel as compared to the case without a rotor. The generated transverse velocity is confined in the proximity of the rotor defined by the rotor diameter scale. Later, the flow and hence the mixing process behave similar to that in a rectangular duct laminar flow. The potential mixing of the mixer is also visualized by the magnitude of the strain rate. All observations show that the potential mixing is limited in a rotor region determined by the rotor diameter.
At a high rotation speed of the rotor, a circulatory bubble with dimensions scaled to the diameter of the rotor appears at the entrance of the mixing channel. In addition to the effects of the rotor, the bubble stretches and reorients the fluid particles. This significantly increases the mixing rate in the entrance of the mixing channel. This confirms that the transverse velocity in the mixing channel does not affect the mixing process if it is not oriented.
Two different mixing criteria were used to study the stirring efficiency-dispersive mixing efficiency and the distributive mixing efficiency. These criteria all yield similar conclusions that a rotating rotor significantly enhances the mixing processes compared with those in the case without a rotor, and that increasing rotation speed increases the mixing efficiency. The dispersive mixing can be improved in the region far from the rotor, while the enhancive distributive mixing is limited in the near rotor regions. In order to obtain the same distributive mixing efficiency, the mixer with a rotor reduces the required length of the mixing channel as compared with that of the case without the rotor. The reduced length depends linearly on the rotation speed of the rotor.
